Amiodarone (AMD) is a highly effective drug for the treatment of cardiac dysrhythmias.
Among the various antiarrhythmic agents, AMD has electrophysiological effects that most closely approximate those of an ideal antiarrhythmic agent.
3) Although AMD is used widely, 4) AMD-induced pulmonary toxicity (AIPT) limits the clinical use of AMD. [5] [6] [7] AIPT has been clinically diagnosed in 5 to 10% of patients receiving high doses of AMD and in 1.6% of patients receiving AMD at a dose of 400 mg/d or less. 8) Because of its high potential for mortality, AIPT is the adverse event of greatest concern for patients receiving AMD therapy.
In humans, AMD is metabolized to N-monodesethylamiodarone (DEA), an active metabolite of AMD, by P450 (CYP) 3A. [9] [10] [11] [12] The blood concentration of DEA has been shown to be comparable with that of AMD. [13] [14] [15] The mechanisms of AMD-or DEA-induced cytotoxicity, including altered inflammatory mediator release, 16) phosopholipidosis promotion, 17) mitochondrial dysfunction 18) and free radical production, 19) have been extensively studied. On the other hand, the tendencies of AMD and DEA to accumulate in the lung 20) are also considered factors responsible for the initiation of AIPT, and it is possible that some mechanisms contribute to the accumulation of both compounds. The accumulation of DEA in the lung is greater than that of AMD. Adams et al. reported that the DEA concentration in lung tissue of long-term AMD-treated patients was approximately 5-hold higher than that of AMD. 21) Furthermore, DEA is more cytotoxic than AMD in lung cells 16) and in non-pulmonary cell types.
22)
Thus, it is important to elucidate the transport mechanisms of DEA in the lung. However, the transport mechanisms of DEA as well as those of AMD have not been investigated in detail. It has been reported that DEA and AMD inhibited the transport of digoxin by human MDR1 cDNA-transfected LLC-PK 1 cells, 23) but it is unclear whether P-glycoprotein (Pgp) recognizes DEA and AMD as a substrate.
Previously, we demonstrated that DEA accumulation was increased under an ATP-depleted condition in Caco-2 cells and that triiodothyronine (T 3 ) also increased the accumulation of DEA by Caco-2 cells. 24) In this study, to clarify the mechanism of high accumulation of DEA in the lung, we investigated the mechanism of AMD or DEA accumulation in A549 cells, a human alveolar epithelium-derived cell line.
MATERIALS AND METHODS
Chemicals AMD and DEA were kindly supplied by Taisho Pharmaceutical (Tokyo, Japan). All other reagents were of the highest grade available and used without further purification. AMD and DEA were dissolved in methanol (1% w/v final concentration) due to their hydrophobic properties and poor solubility in water.
Cell Culture A549 cells obtained from American Type Culture Collection (Rockville, MD, U.S.A.) were maintained in plastic culture flasks (Falcon, Becton Dickinson and Co., Lincoln Park, NJ, U.S.A.). These stock cells were subcultivated before reaching confluence. The medium consisted of Dulbecco's Modified Eagle's Medium (Sigma, St. Louis, MO, U.S.A.) supplemented with 10% fetal bovine serum (ICN Biomedicals, Inc., Aurora, OH, U.S.A.) and 100 IU/ml penicillin-100 mg/ml streptomycin (Sigma). The monolayer cultures were grown in an atmosphere of 5% CO 2 -95% air at 37°C. The cells were given fresh growth medium every 2 d. When the A549 cells had reached confluence, they were harvested with 0.25 mM trypsin and 0.2% EDTA (0.5-1 min at 37°C), resuspended, and seeded into a new flask. For the uptake study, A549 cells were seeded at a cell density of 1ϫ10 Uptake Study in A549 Cell Monolayers The accumulation of AMD and that of DEA were measured using monolayer cultures grown in 24-well plates. The incubation medium used for the uptake study was HBSS-MES (pH 5.0) buffer (25 mM D-glucose, 137 mM NaCl, 5.37 mM KCl, 0.3 mM Na 2 HPO 4 , 0.44 mM KH 2 PO 4 , 1.26 mM CaCl 2 , 0.8 mM MgSO 4 and 10 mM MES). After removal of the growth medium, cells were preincubated at 37°C for 10 min with 0.5 ml of HBSS-MES buffer (pH 5.0). After removal of the medium, 0.5 ml of incubation medium containing AMD or DEA was added. The monolayers were incubated for the indicated time at 37°C. Each cell monolayer was rapidly washed twice with an ice-cold incubation medium at the end of the incubation period. The cells were solubilized with 0.25 ml of 1 N NaOH and neutralized with 0.25 ml 1 N HCl. After vortexing briefly, a part of the mixture (100 ml) was transferred to a fresh tube and 400 ml MeOH was added. After centrifugation of the mixture (12000ϫg for 10 min), the concentration of AMD or that of DEA in the supernatant was measured.
Measurement of ATP Content in A549 Cells
Intracellular ATP content was measured using the CellTiter-Glo assay (Promega, Madison, WI, U.S.A.) following the manufacturer's recommendations. A549 cells were plated in 96-well plates at a density of 3000 cells per well. Following cell attachment (24 h), AMD or FCCP was added for the times indicated. Basal luminescence activity and an ATP standard curve were determined. ATP content was expressed as percent of the control (defined as 100%).
MTT Assay The 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide (MTT) assay was performed as described previously 25) with a certain modification. The MTT assay relies on the production of a colored formazan by the action of mitochondrial enzymes on MTT. For the MTT assay, A549 cells were seeded at a density of 5ϫ10 3 cells/well on 96-well plastic plates. Following cell attachment (24 h), various concentrations of AMD and DEA were added for the times indicated. At 30-60 min before the end of treatment, 10 ml of PBS-containing MTT solution (0.5%) was added, and the cells were incubated for a further 30-60 min. The MTT medium was then replaced with 0.2 ml dimetylsulfoxide, and absorbance was read at 590 nm. Absorbance measured in MTT assays was expressed as percent of the control (defined as 100%).
Analytical Procedures AMD or DEA was determined using an HPLC system equipped with a Shimadzu LC liquid chromatograph pump and UV detector. The column was a Mightysil RP-8GP column (4.6ϫ250 mm (5 mm), Kanto Chemical, Tokyo, Japan). A mobile phase containing 9.5 mM H 3 PO 4 : acetonitrile (1 : 1, v/v) was used. Column temperature and flow rate were 40°C and 1.0 ml/min, respectively. The wavelength for detection of AMD or DEA was 242 nm. Protein was measured by the method of Lowry et al. with bovine serum albumin as a standard. 26) Statistical significance was evaluated using ANOVA followed by Student's t-test, and a value of pϽ0.05 was considered significant. Nonlinear regression analysis was performed by using Origin ® (version 6.1J). Table 1A) . On the other hand, these compounds exhibited inhibitory effects on the efflux of DEA but were less effective compared to the effects observed in our previous study using Caco-2 cells. 23) Substrates or inhibitors of ATP-binding cassette (ABC) transporters, such as P-gp (quinidine and digoxin), multidrug reistance-associated proteins (MRPs) (probenecid) and breast cancer resistance protein (BCRP) (mitoxantrone and prazosin), did not inhibit the efflux of DEA (Fig. 1) , indicating that an ABC transporter, which is different from these transporters, plays a role in the efflux of DEA in A549 cells. T 3 , which exhibited an inhibitory effect on DEA efflux in Caco-2 cells, did not affect the accumulation of DEA in A549 cells (Fig. 1) . On the other hand, 100 mM AMD caused an approximately 200% increase in DEA content in A549 cells, although AMD accumulation was not affected by 100 mM DEA (Table 1 ). This increase in intracellular DEA accumulation by AMD might cause the higher accumulation of DEA in lung tissue than that of AMD, since AMD concentration around the alveolar epithelium is presumed to be very high under long-term AMD therapy. 
RESULTS AND DISCUSSION

Effects of Various
Effect of AMD on ATP Content in A549 Cells
Since it has been reported that ATP levels in hamster lung alveolar macrophages, alveolar type II cells and nonciliated bronchiolar epithelial cells were significantly decreased at 4 to 6 h by 100 mM AMD prior to lung cell death, 18) it is possible that the increase in DEA accumulation by AMD in A549 cells was mediated by an ATP-dependent DEA efflux mechanism. Thus, we investigated ATP levels in A549 cells exposed to AMD or FCCP at 1 to 3 h. With 1 h of incubation, the cellular ATP level was reduced slightly by 100 mM AMD or 50 mM FCCP. With 2 h and 3 h of incubation, AMD and FCCP caused an approximately 20% decrease in cellular ATP content (Fig. 2) . Although the reducing effect of AMD on cellular ATP levels and that of FCCP were similar, the enhancing effect of AMD on DEA accumulation was stronger than that of FCCP (Table 1B) . Thus, the mechanism of increase in DEA accumulation by AMD might be different from the ATP-dependent DEA efflux mechanism. However, this mechanism has not yet been elucidated at the molecular level. Further studies are required to clarify this mechanism and to determine the interaction between DEA and other drugs through this mechanism.
Effects of AMD and DEA on Viability of A549 Cells We examined the effects of AMD and DEA on viability of A549 cells. AMD caused a concentration-dependent loss of cell viability with an IC 50 value of 50.1Ϯ4.5 mM for A549 cell viability at 24 h. AMD cytotoxicity was time-dependent until at least 72 h (Fig. 3A) . On the other hand, DEA caused a rapid decrease in cell viability compared to AMD (Fig.  3B) , and this is consistent with previous reports.
18) DEA cytotoxicity reached an almost steady state at 12 h with an IC 50 value of 12.2Ϯ1.0 mM and was not enhanced at 18 h (IC 50 value of 12.7Ϯ1.5 mM, data not shown).
Effect of AMD on Viability of DEA-Treated A549 Cells Next, we investigated the effect of the increase of DEA accumulation by AMD on cell viability. As shown in Fig. 4 , the enhancing effect of 100 mM AMD on DEA accumulation continued for 3 h. In addition, 100 mM AMD had no effect on the viability of A549 cells at 3 h (Fig. 5) . Thus, DEA cytotoxicity in the presence of AMD was evaluated at 3 h to avoid AMD-induced cytotoxicity. Bargout et al. reported that A549 cells do not express P450 monooxygenase, which plays a role in AMD metabolism, 27) and we also confirmed that DEA was not detected in a long-period uptake study of AMD in A549 cells (data not shown). Thus, the increase of cyototoxicity by the metabolism of AMD to DEA could be negligible in A549 cells. The IC 50 value of DEA for A549 cell viability was 25.4Ϯ2.4 mM. However, the decrease in cell viability by DEA in the presence of AMD was more pronounced than that by DEA alone, with an IC 50 value of 11.5Ϯ3.0 mM (Fig.  6) , which is close to the therapeutic serum level of DEA (2.06Ϯ1.08 mM) using a mean oral daily maintenance dosage of AMD (440Ϯ253 mg/d). 28) Thus, it is possible that further DEA accumulation by AMD leads to an increase in the incidence of AIPT.
In this study, to clarify the cause of high accumulation of DEA in the lung, we characterized the mechanism of DEA accumulation using A549 cells as a model of the alveolar epithelium. DEA accumulation was increased under a ATPdepleted condition in A549 cells as demonstrated in our previous study in Caco-2 cells. However, T 3 did not affect the accumulation of DEA, indicating that ATP-dependent DEA efflux and the effect of T 3 on DEA accumulation might be mediated by different mechanisms. On the other hand, DEA accumulation was significantly increased by AMD, and DEA cytotoxcity was enhanced in the presence of AMD. The results suggest that the mechanism of increase in DEA accumulation by AMD is different from the ATP-dependent DEA efflux mechanism. The mechanism of DEA accumulation by AMD may explain the higher tendency of DEA than that of AMD to accumulate in the lung. 
